ABSTRACT In this paper, a direct liquid cooling method is proposed for a radial-flux permanent-magnet motor. To demonstrate the feasibility of the cooling method, a test motor with a rated output of 205 kW was designed, constructed, and tested in an actual vehicle application, an electric city bus. The energy consumption tests were conducted by applying a heavy-duty chassis dynamometer capable of simulating the inertia, weight, and road loads that the buses are subjected to in the normal on-road operation. The electricity consumption on the real bus route of the Espoo line 11 in Finland was 0.61 kWh/km. The test results of the cooling solution show that the motor is capable of meeting the most challenging requirements of the load cycle even with a full payload. The highest winding temperature rise in the test driving cycles was only 26 • C, which proves the effectiveness of direct-liquid-cooled coils in a vehicle motor.
I. INTRODUCTION
Motors combining high torque, high efficiency, compact size, and high overload capability are favored by original equipment manufacturers, especially in vehicle traction applications [1] - [5] . As the target is to improve energy efficiency and reduce fuel consumption worldwide, actions are required to enhance the performance of road vehicles also in this respect. According to [6] , it is anticipated that battery electric vehicles will dominate the vehicle fleet in the long term. With this projection in mind, a direct-cooled traction machine was designed for an electric bus. Recent research into special oil cooling systems [7] has shown that it is possible to efficiently remove heat from a traction machine by using oil as a coolant, thus extending the boundaries of machine design. For instance, an interesting cooling method is applied to a traction motor in [8] , where the cooling oil flows through the slots of an inner stator. Alternative approaches to remove heat from PM motors are studied in [9] - [14] . Furthermore, the effectiveness of using oil [19] , [20] and distilled water [14] for direct liquid cooling of slots has been
The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun. investigated in [15] - [18] . In [21] , again, spraying or injecting oil directly to the stator end windings has been found to be an effective cooling method. In our study, the electromagnetic behavior of the motor was analyzed by simulation with the Flux2D finite element program by Altair and in the Matlab simulation environment. The simulation results were verified by tests on the prototype motor in laboratory and by testing the motor in an electric city bus shown in Fig. 1 .
A number of different driving cycles were studied by using a special dynamometer system. The proof-of-concept system of the study comprises an integrated traction motor with a closed liquid cooling loop together with the monitoring and measurement instrumentation. The cooling system (e.g., pump and tank) is integrated into the motor system. The performance of the motor was studied at various power levels using distilled water as the cooling liquid. The test results show that the proposed cooling method is feasible, and furthermore, it provides significant improvements in the thermal management of a vehicle traction machine.
II. DIRECT LIQUID COOLING SPECIFICATIONS
In a direct-liquid-cooled motor, the cooling liquid flows through the slots, coils, or conductors, which sets specific requirements for the machine design. In the design, a compromise has to be reached between the electromagnetic boundary conditions and the limits of the fluid flow. A benefit of direct liquid cooling is that it allows a very high current density, up to 18 A/mm 2 [22] . Therefore, in the electromagnetic design process, it is possible to aim at a loss distribution where the Joule losses are dominating.
Constructing a direct-liquid-cooled motor may be a challenging task. As a response to this challenge, special procedures were developed to produce a hybrid conductor cable as reported in [20] . The conductor cable was made from Litz wire, which consisted of 188 copper strands (space factor 0.7) and a stainless steel tube inside the wire. The walls of the steel tubes were only 0.5 mm thick, and therefore, special attention had be paid to the method of assembly to prevent collapse of the steel tubes. Furthermore, bending of the tubes inside the wire posed some challenges in the winding process. Fig. 2 illustrates the tooth coils and the stainless steel cooling tubes protruding from the copper conductors.
Liquids typically used in cooling tubes are various types of oil, water, deionized water, inhibited glycol mixed with water, and some dielectric liquids. The main parameters of some cooling liquids are given in Table 1 .
When choosing the cooling liquid for a bus, corrosion and freezing in the wintertime have to be taken into consideration. To prevent freezing, it is necessary to add some antifreeze, such as glycol, to the cooling liquid. The heat capacity and kinematic viscosity of cooling liquids (e.g. oil) depend on temperature, resulting in variations in the flow speed and pressure losses of the liquid. With these aspects in mind, 
FIGURE 3. Pressure losses (at 20
• C) as a function of the length of the cooling tube and flow speed. In the prototype machine, the length of the cooling circuit is 6 m and the inner diameter is 3 mm.
deionized water was chosen for the tests because of its high heat capacity and good thermal conductivity. The cooling circuit filled with deionized water comprised a deionization system, a water tank, a pump, and a heat exchanger. The suitable flow speed has been empirically estimated to be in the range from 0.5 to 1.5 m/s. Stainless steel tubes can tolerate flow speeds of this magnitude without significant erosion. For pump specification, the value of pressure loss is required. For turbulent flow, the pressure loss is computed as [26] 
where λ is the Darcy-Weisbach friction coefficient, L is the length of the cooling tube, d is the diameter of the cooling tube, v is the mean velocity of the fluid in one cooling tube, and ρ is the density of the fluid. In practice, the length of the cooling tube is determined by the electromagnetic design of the motor, and the minimum practical unit length by a single coil. Furthermore, for instance in a low-power machine, it would be difficult to divide the tooth coils into two cooling sections. For the prototype machine, an inner tube diameter of 3 mm was considered acceptable and practical based on investigations of flow speeds and pressure losses shown in Fig. 3 . Next, other inner diameters of the cooling tube were studied in a case where the cooling tube is 6 m long. In the prototype motor, the pump divides the flow into 12 cooling tubes. Fig. 4 presents the simulated total pressure losses as a function of the flow speed of the fluid (water) using the inner diameter of the cooling tube as a variable. The simulated pressure losses were 0.74 bar for the 12 cooling tubes with the diameter of 3 mm at the total flow speed of 5 l/min (1 m/s in one tube). The pressure loss in an actual vehicle application is assumed to be larger as the temperature may be higher, or the flow is not equally divided into each tube.
III. PROTOTYPE MOTOR DESIGN
In the presented motor design, the maximum rotational speed of the PMSM is mainly determined by the voltage level before the field weakening starts. Based on the battery used in the bus, the phase-to-phase voltage level was chosen to be 500 V RMS in order for the bus to be able to reach the top speed of 80 km/h. As the motor has direct-liquid-cooled windings, the rated current density of the motor (for continuous operation) could be high; nevertheless, as also a high efficiency was desired, a moderate value of 8 A/mm 2 was set for the current density. The application-specific parameters are given in Table 2 .
The dynamometer cycles driven with the bus were the Espoo line 11, the Braunschweig cycle, and the Santiago cycle. Tests were undertaken in the laboratory and in the eBus application to validate
• efficiencies and energy consumption of the total system, • compatibility of the equipment (e.g., inverter, resolver, battery, cooling circuits),
• functionality of the cooling circuit, liquid purity requirements (conductivity rises in the course of time without any extra deionizing process), suitability of the liquid coolant, and
• absence of electrical hazard. The prototype motor has a tooth-coil-wound stator with 12 slots (double layer) and an embedded magnet rotor with eight poles. The base machine is thus a 3/2 machine operating at the fundamental. The number of slots was selected such that rectangular coil windings of approx. 8 mm in height and width could be easily placed into the slots. The machine geometry is shown in Fig. 5 with magnetic flux density values obtained from the Flux2D software by Cedrat. The flux densities at no load are approx. 1.8 T in the teeth and 1.7 in the yoke area. A analytic method to predict core losses for tooth-coil machines is presented in [27] , but here FEA is utilized.
According to the simulations, the induced back emf is 259 V (rms), i.e., 0.89 p.u. The segmented neodymium magnets have a remanence of 1.15 T (at 80 • C). M350-50A was used as the magnetic circuit material. The main electrical values of the machine are shown in Table 3 .
The thermal behavior of the machine in the steady state was studied by applying the Flux2D program by Cedrat. At the rated load, the temperature inside the slot was assumed to be 80 • C. From the mechanical point of view, according to a stress analysis performed in Solid Works, the rotor geometry should tolerate the applied loads. At the nominal speed, VOLUME 7, 2019 the factor of safety is 5.6, and the peak von Mises stress is 56 MPa. Even if the rotational speed is doubled, the factor of safety is 1.6.
The main objective was to achieve a fairly high current density as the direct liquid cooling will effectively cool the conductors. In the design, the copper losses are dominating. Therefore, at the rated current of 300 A and the rated load of 1300 Nm, the winding losses were approx. 4.6 kW, while the iron losses were 2.7 kW (stator 2.3 kW, rotor 0.4 kW). With mechanical losses of 1 kW and extra losses of 1 kW (0.5% of the rated value), the total losses were 9.3 kW. The operational design values are given in Table 4 .
IV. SIMULATION OF THE ELECTRIC BUS
A simulation model was built in the MATLAB/Simulink environment for the electric bus under study by adopting the energetic macroscopic representation (EMR) modeling approach. EMR is an energy-flow-based graphical method to illustrate the energy flow in a complex electromechanical system [24] . In this study, the simulation model of the bus consists of a traction drive, an energy storage, a fixed final drive gear ratio, and the chassis of the bus [25] . Fig. 6 illustrates the EMR of the electric bus model.
The traction motor was modeled by a quasi-static approach in a straightforward manner by using a first-order time constant model for torque [26] . The torque of the traction motor was assumed to follow the torque reference limited by the maximum torque curve and delayed by a first-order time constant filter. The power needed from the energy storage was calculated by using the efficiency η ed of the electric drive. The efficiency of the electric drive consists of the efficiencies of the converter and the traction motor. The converter efficiency was assumed to be constant 97%, while measured efficiencies were used in the modeling of the traction motor. Fig. 7 depicts the construction of the quasi-static model of the electric drive.
According to [24] , a simple motor model is accurate enough for vehicle simulation purposes. The accuracy of the quasi-static model depends on the accuracy of the efficiency map and the correctness of the time constant of the traction motor drive. The accuracy of the efficiency map is highly dependent on the number of operating points measured when preparing the efficiency map. A measured efficiency map and the maximum torque curve of the prototype traction motor were used in the model. The energy storage was modeled as a voltage source, taking into account the efficiency of the storage. The nominal voltage of the energy storage was 590 V. The traction motor reference torque was generated by a speed controller, which is based on the error between the vehicle speed and the reference speed. The forces taken into account were air drag and rolling friction, and in the Santiago cycle, also the inclination of the road. The driving resistance depends on the mass and speed of the system [25] . A drive with a fixed reduction gear ratio of 5.38 and a constant efficiency of 0.96 was used. The parameters used in the electric bus model are presented in Table 5 .
The simulations were performed with three different cycles in different locations and climates in Espoo, Finland, Braunschweig, Germany, and Santiago de Chile. The Espoo line 11 cycle is a 9 km long urban bus route in Finland, 86900 VOLUME 7, 2019 where braking on ice may pose challenges in the wintertime. The Braunschweig cycle is 11 km long and includes higher accelerations and decelerations, being thus more demanding for the bus than the Espoo line 11. The Braunschweig cycle was selected for the test because it is the most well-known cycle [28] in this field, and the Technical Research Centre of Finland (VTT) has an extensive database of buses tested against the Braunschweig cycle for comparison. The Espoo and Braunschweig cycles were simulated with a flat road profile. The Santiago de Chile line cycle is 9.7 km long, and it has a 3% uphill slope as the route includes a 300 m climb. The Santiago de Chile line has proven to be a very demanding line for an electric drive train. Information of different cycles is given in Table 6 .
The operation of the drive motor in the torque-speed plane was analyzed during the driving cycle. The rotation speed, torque, and power of the drive motor in different cycles are shown in Figs. 8, 9 , and 10. The torque-speed planes show that the Espoo and Braunschweig cycles have similar constant speed areas at the speed of approx. 1500 min −1 . The Braunschweig and Santiago cycles have more accelerations and decelerations than the Espoo cycle. Furthermore, in the Santiago cycle the torque of the traction motor is higher than in the other cycles.
The RMS torque and power, maximum power, and motor average efficiency for different cycles are presented in Table 7 . In these cycles, the average demand for motor power was generally only one-third of the nominal continuous power. The rms torque in the Espoo cycle was 671 Nm, in the Braunschweig cycle 809 Nm, and 836 Nm in the Santiago cycle. According to the simulations, the prototype motor should easily meet the speed and torque requirements of all the three driving cycles. The energy consumption was calculated for VOLUME 7, 2019 FIGURE 11. Schematic diagram of the testing system in the laboratory. The primary cooling circuit consists of a heat exchanger (with a secondary cooling loop), a pump, and cooling tubes inside the PMSM stator windings.
FIGURE 12.
Efficiencies of the traction motor as a function of speed and torque. The input water temperature was 50 • C and the water flow 10 l/min in the tests. each of these cycles with different loads (mass of passengers), and the values were compared with the measurement results.
V. VERIFICATION OF THE SIMULATION
A traditional test bench with a brake unit of 315 kW DC machine was used. An ACS800 supply unit provided a maximum constant current up to 387 A, and 470 A for 10 s for the prototype machine. A schematic diagram of the cooling circuits is presented in Fig. 11 . The primary cooling circuit includes a heat exchanger, which is cooled by a secondary cooling loop. The primary cooling is equipped with a water pump having a pressure of 5.2 bar and a water flow of 10 l/min during the tests.
Heat tests were performed by heating the machine until the temperatures had stabilized. The input power values were obtained by a Yogokawa PZ4000 power analyzer and the output values by a Magtrol torque transducer placed on the shaft. The efficiency map of the measured values is presented in Fig. 12 . According to the brake bench measurements, the losses at the rated point were 9.3 kW resulting in a 95.4% efficiency.
A duty cycle was driven in the laboratory to investigate the temperature distributions and the rise and fall times. The average torque in the measurement was 750 Nm. The start and end speeds and loads were chosen according to the average power and torque over the whole driving cycle of the Espoo drive line. First, the cycle was driven with the 460 Nm load at 600 min −1 until the temperatures had stabilized for about 90 min. Then, a 1300 Nm load was applied (having the same rotational speed) for about 10 min, after which the motor was driven with the previous load of 460 Nm again. The temperature rise on the end windings was 46 • C (from 70 to 116 • C) in 10 min, as depicted in Fig. 13a . We can see that the end windings cool down to 80 • C in only 7 min. The other temperatures in the direct-liquid-cooled coils, Fig. 13b-d , also fall sharply. The frame of the prototype has no water jacket, and therefore, the temperatures are high on the surface/frame as it can be seen in Fig. 13f .
According to the laboratory measurements, the prototype motor performs well in a bus application. The relatively large difference between the end winding temperatures and the slot temperatures of different phases can be explained by potentially divergent positions of the PT100 sensors, as even a slight difference in the position may lead to a significant temperate difference.
VI. VERIFICATION OF THE ELECTRIC BUS APPLICATION
The energy consumption tests were conducted by applying a heavy-duty chassis dynamometer (at VTT, Espoo, Finland) capable of simulating the inertia, weight, and road loads that the buses are subjected to in the normal on-road operation. A single-roller, 2.5 m diameter chassis dynamometer with electric inertia simulation was used in the study. This in-house method was been developed at VTT, and it covers both emission and fuel consumption measurements, partly based on the standard SAE J2711 and accredited by the Finnish Accreditation Service (FINAS).
The tests were conducted by varying the mass of passengers, and thereby, the mass of the bus and friction. The VTT team has a database of road load values for different types of heavy-duty vehicles. For a heavy-duty vehicle running a highly transient driving cycle, the mass of the vehicle is decisive for the needs of driving power. The vehicle mass affects the inertia and the rolling resistance. The emissions tests of buses are usually run with inertia that corresponds to a half payload, as this load should match the average number of passengers on the bus. However, in the electric bus tests, the authors decided to modify the calculation of the bus payload, as it was considered advisable to determine the payload based on the number of passengers. The loads were the mass without passengers (tare: 11 500 kg), an extra mass of 1 000 kg (12 passengers), an extra load of 3 000 kg (38 passengers), and a full load (maximum load capacity of the vehicle, 73 passengers). With the direct-cooled motor in the bus, several drive tests were carried out.
The Espoo line dynamometer test results are depicted in Fig. 14 , where the bus speed, the cooling water temperature, and the highest winding temperatures are shown.
The motor temperatures were measured with three PT100 sensors located inside the motor (in the windings of three different phases). At the full load (73 passengers), the winding temperature reached a value of 73 • C, while the inlet temperature of the cooling water was 50 • C. The temperature rise was 16 • C during this cycle. The Braunschweig cycle is more demanding than the previous Espoo 11 cycle as can be seen from the temperatures in Fig. 15 ; the temperature rise in the winding is 21 • C, reaching a value of 77 • C at the end.
In the Santiago driving cycle, the motor temperature reached 67 • C after climbing to the 300 m hill with 38 passengers on board as it can be seen in Fig. 16 . In this measurement, the cooling water was initially cooler than in the Braunschweig cycle, and therefore, these two cycles are not directly comparable. The temperature rise during the Santiago cycle was 26 • C.
The results of the tests on the direct liquid cooling technology in the bus showed that the vehicle was able to more than satisfactorily meet the most challenging speed requirements VOLUME 7, 2019 of the road cycle even with the full payload. The motor temperature was very low, and the proposed direct water cooling solution was shown to be reliable in an actual application. The motor could thus be used in a heavy-duty application.
A further aspect to be analyzed in the dynamometer tests was the electricity consumption of the bus. During the Espoo line 11 cycle, the electricity consumption varied from 0.55 to 0.72 kWh/km as a function of the number of passengers, as shown in Table 8 .
The measured electricity consumption of the bus with 38 passengers is presented in Table 9 for all cycles under study. The simulated consumptions were compared with the measured ones; the difference between the measured energy consumption values and the simulated ones varied from 4 to 8 percent.
VII. CONCLUSION
The proposed direct liquid cooling approach provides a direct heat path from the windings to the cooling liquid. The tests showed the cooling to be effective, and the simulation results were close to the measurement results obtained with the electric bus. According to the simulations, the electricity consumption on the bus route of Espoo line 11 in Finland was 0.61 kWh/km, whiles in the dynamometer tests, a result of 0.66 kWh/km was reached. In an actual road test on Espoo line 11, the electricity consumption was only 0.61 kWh/km with the bus mass of 11 500 kg.
A detailed analysis of the test results showed that the cooling arrangement presented in this study achieves good performance and allows to keep the temperature of the motor within an acceptable range in high and long-lasting overload conditions. One of the major advantages of the proposed technology over more traditional cooling systems is that it removes the heat directly from where it is generated, thereby reducing the time required to cool the motor after peak loads (e.g., acceleration of the vehicle), after which the next overload can be applied. 
